We have analyzed the ∼20-320 keV nucleon −1 suprathermal (ST) heavy ion abundances in 41 corotating interaction regions (CIRs) observed by the Wind spacecraft from 1995 January to 2008 December. Our results are: (1) the CIR Fe/CNO and NeS/CNO ratios vary with the sunspot number, with values being closer to average solar energetic particle event values during solar maxima and lower than nominal solar wind values during solar minima. The physical mechanism responsible for the depleted abundances during solar minimum remains an open question. (2) The Fe/CNO increases with energy in the 6 events that occurred during solar maximum, while no such trends are observed for the 35 events during solar minimum. (3) The Fe/CNO shows no correlation with the average solar wind speed. (4) The Fe/CNO is well correlated with the corresponding upstream ∼20-320 keV nucleon −1 Fe/CNO and not with the solar wind Fe/O measured by ACE in 31 events. Using the correlations between the upstream ∼20-40 keV nucleon −1 Fe/CNO and the ∼20-320 keV nucleon −1 Fe/CNO in CIRs, we estimate that, on average, the ST particles traveled ∼2 au along the nominal Parker spiral field line, which corresponds to upper limits for the radial distance of the source or acceleration location of ∼1 au beyond Earth orbit. Our results are consistent with those obtained from recent surveys, and confirm that CIR ST heavy ions are accelerated more locally, and are at odds with the traditional viewpoint that CIR ions seen at 1 au are bulk solar wind ions accelerated between 3 and 5 au.
Introduction
Corotating interaction regions (CIRs) are the main producer of energetic particles in the inner heliosphere during solar minimum (e.g., McDonald et al. 1976; Van Hollebeke et al. 1978; Richardson et al. 1993) . CIRs form when streams of fast wind flowing from coronal holes overtake the slow solar wind in front of them. The solar rotation causes these different speed plasmas to become radially aligned and interact (e.g., Gosling 1996) . This interaction creates a compression region that corotates with the Sun and can strengthen to form shocks that accelerate particles. Although only 31% of CIRs observed at 1 au have shocks (Jian et al. 2006) , energetic particle enhancements are consistently observed near CIRs regardless of the presence of a shock. The classical view is that these enhancements arise from the Sunward propagation of particles accelerated at CIR shocks between ∼3-5 au (Fisk & Lee 1980) . It is also expected that as these particles move into the inner heliosphere they will lose energy through adiabatic deceleration as they propagate against the outflowing solar wind (SW). This deceleration is expected to produce a spectral rollover below ∼500 keV nucleon −1 near 1 au. This rollover has not been observed as predicted (Mason et al. 1997) ; instead CIR particle spectra are seen as continuous power laws down to <100 keV nucleon −1 (Mason et al. 1997 Chotoo et al. 2000) .
This discrepancy between theoretical predictions and observations has given rise to the alternate possibility that CIR-associated suprathermal ions below ∼1 MeV nucleon −1 are accelerated closer to 1 au. This notion has now been confirmed by a number of studies. Chotoo et al. (2000) showed that 0.01-0.5 MeV nucleon −1 H + , He + , and He ++ typically peaked in the compressed solar wind between the CIR stream interface and compression region trailing edge. Kucharek et al. (2003) found the ∼0.25-0.8 MeV nucleon −1 He + /He ++ ratios to be enhanced in nearly all CIRs observed at 1 au from 1998 to 2000; they interpreted this as evidence for local acceleration of interplanetary He + . Ebert et al. (2012) suggested that particles <1 MeV nucleon −1 in CIRs were accelerated locally, while those >1 MeV nucleon −1 are accelerated by CIR-driven shocks beyond 1 au. Thus, it is likely that CIR-associated acceleration processes begin even before shocks form. For this reason, Giacalone et al. (2002) suggested a mechanism that could accelerate low-energy particles in regions of gradual compression where the particles gain energy by scattering between converging centers and repeatedly sampling the SW speed gradient across the size of the compression in a process similar to diffusive shock acceleration at a quasi-parallel shock. Similarly, Chen et al. (2015) modeled gradual compression of pickup ions (PUIs) in CIRs without shocks and found significant acceleration at or inside of 1 au. These results indicate that compressions may play a critical role in local acceleration. Questions still remain as to where the most pronounced particle acceleration is occurring and what the relative acceleration efficiencies of gradual compressions compared to shocks are.
The differences between this study and previous CIR heavy ion studies, such as Mason et al. (2008) , is that we use local compression regions that were identified from the plasma and magnetic field data (Broiles et al. 2012) , and so not all events may be CIRs, but they are rather better defined as stream interaction regions (Jian et al. 2006) . Furthermore, we consider a lower energy range than Bučík et al. (2012) who reported suprathermal Fe/O abundances for 137 keV nucleon . In this study, we examine suprathermal (ST) heavy ions between ∼20 -320 keV nucleon −1 in 41 local compression regions to further understand the source location and mechanisms of particle acceleration.
Instrumentation, Event Selection, and Data Analysis

Instrumentation
We use data obtained by the Suprathermal Energetic Particle (STEP) instrument, which is part of the Energetic Particles: Anisotropy, Composition, and Transport (EPACT) investigation (von Rosenvinge et al. 1995) on board the Wind spacecraft, launched in 1994 November (von Rosenvinge et al. 1995) . STEP uses time-of-flight versus residual energy measurements to identify elements over the He-Fe in the ∼0.02-2 MeV nucleon −1 energy range in two identical telescopes, with a geometric factor of 0.4 cm 2 sr and a rectangular field of view with an angular acceptance of 44°in azimuth and 17°in polar angle. STEP comprises two telescopes with a sampling region±35°from the ecliptic on the spinning spacecraft; for this investigation we only use data obtained by Telescope 1. We also use solar wind data from the Solar Wind Ion Composition Spectrometer (SWICS) instrument (Gloeckler et al. 1992 ) on the ACE spacecraft. SWICS determines the mass and ionic charge state composition of solar wind ions; for this study we use the 1 hr averaged Fe/O ratios. Due to the later launch of ACE, the solar wind Fe/O from ACE/SWICS is not available for all events studied; 31 of the 41 events examined had coverage by both Wind and ACE.
Event Selection
We start with the list of compression regions observed at 1 au between 1995 January 1 and 2008 December 31 identified by Broiles et al. (2012) using plasma and magnetic field properties. For this study we selected 41 out of the original 153 events from the Broiles et al. (2012) list. 105 events were excluded for a variety of reasons; in 75 events, the particle time-intensity profiles were atypical of CIR events because they exhibited velocity dispersion typical of solar energetic particle (SEP) events that are injected near the Sun (e.g., Mazur et al. 1999) , the Broiles et al. (2012) time intervals included multiple and overlapping CIRs, or the plasma signatures of the CIRs did not overlap with increases in the particle intensities. 27 events had strong contributions from upstream events, which enhanced the particle intensities at energies below ∼80 keV nucleon −1 (e.g., Desai et al. 2000) . The upstream events were identified by comparing the intensities at ∼20-40 keV nucleon −1 and ∼160-320 keV nucleon −1 in each individual event. Furthermore, 10 events were excluded because the ∼160-320 keV nucleon −1 Fe/CNO ratio had relative uncertainty >35%. A complete list of the 41 events studied here is given in Table 1 ; events in the Mason et al. (2008) study are also identified. In 28 cases, we modified the event start or stop times from the original Broiles et al. (2012) survey to achieve the following: (1) include all ST particles associated with the CIR event; (2) exclude unrelated trailing events, such as potential coronal mass ejections that overlapped with the trailing boundary of the CIR event, and (3) remove upstream events that originate from the bow shock and contribute to the ion intensity or fluences at lower energies. Figure 1 shows hourly averages of (a) the ∼20-320 keV nucleon −1 ST ion intensities, (b) the solar wind speed, (c) magnetic field strength, and (d) the solar wind proton density for event number 14 in Broiles et al. (2012) along with data obtained a few days surrounding the event. This CIR displays particle, plasma, and field signatures that are typical of previously reported CIR observations at 1 au (e.g., Jian et al. 2006) . Specifically, the peaks in the magnetic field strength and the plasma density that define the compression region are seen on 2000 March 22 10:55 UT prior to the arrival of the high speed stream at 2000 March 22 18:56 UT. In addition, the particle intensities peak in the high speed stream, as reported, for example, by Mason et al. (1997) . Figure 1 also shows the corresponding upstream interval we use in this study to obtain the solar wind Fe/O and the suprathermal Fe/CNO ratios (see Section 3.6 for further details), which serve as proxies for potential seed populations for the CIR.
Calculation of Abundance Ratios
The elemental abundance ratios provided in this study were calculated using the event-integrated fluences during the sampling intervals listed in Table 1 in four different energy bands, namely ∼20-40, ∼40-80, ∼80-160, and ∼160-320 keV nucleon −1
. We do not include the ∼20-40 keV nucleon −1 NeS/CNO in this study because STEP does not have sufficient mass resolution for NeS at these energies. The 41 events are separated into those that occurred during solar maximum and those that occurred during a solar activity phase more representative of solar minimum. Solar maximum is defined as the time period when average monthly smoothed sunspot number is equal to or greater than 75, and solar minimum includes time periods from 1995 January 1 to 2008 December 1 when the sunspot number falls below 75. Solar maximum is from 1998 December through 2003 February 1 and includes 6 events; the remaining 35 events occur during solar minimum.
Properties of CIR Suprathermal Abundances
Solar Activity Dependence
We examine ST heavy ion abundances, their energy dependence, and trends with solar activity cycle over 14 years, covering all of solar cycle 23. Figure 2(a) shows the hourly averaged ∼160-320 keV nucleon −1 CNO intensity measured over 14 years along with the corresponding hourly averaged intensity in the 41 events; blue circles: events in solar minimum; red squares: events during solar maximum. We remark that this trend follows the sunspot number and is seen over the entire ST energy regime of ∼20-320 keV nucleon −1 covered in this study.
Event Statistics
To obtain a clearer picture of the ST abundance trends, we study the event-to-event variations in abundance distributions, and event durations for the 41 events. Figure 3 shows the distribution of event durations; the mean duration is 2.96 days for all the events, with a mean of 2.66 days for solar minimum and 3.74 days for solar maximum. However, the 1-sigma uncertainties in the mean values make these differences insignificant. Furthermore, although the solar maximum events have higher Fe/CNO ratio, and slightly longer event durations, there is no general relation between event duration and abundance with solar activity. Figure 4 shows the distribution of Fe/CNO in all four energy ranges studied here. The figure shows that the abundance distributions are Gaussian in nature, with the Fe/CNO at each energy showing only slight variations in weighted mean or variance. Figure 5 shows scatter plots of the fluences for NeS versus CNO and Fe versus CNO at ∼20-40 keV nucleon −1 and ∼160-320 keV nucleon −1 . On average, the fluences during solar maximum CIRs are higher for Fe and NeS at both energies. The NeS versus CNO fluences are well constrained within the lines of constant abundance of 0.1 and 1.0. The Fe versus CNO fluences point to Fe/CNO ratios below ∼0.1, with those seen during solar maximum being larger, particularly at ∼160-320 keV nucleon −1 .
Event Fluences
Energy Dependence of Fe/CNO
In Figure 6 , we examine the energy dependence of Fe/CNO and NeS/CNO ratio in CIRs. The Fe/CNO abundance ratio is slightly above one-to-one at all energies with an average ratio of 1.39 for ∼40-80 keV nucleon −1 versus ∼20-40 keV nucleon −1 and 1.48 at ∼160-320 keV nucleon −1 versus ∼20-40 keV nucleon −1 . However, this increase is within the standard error of the mean. For solar maximum events, shown Note. a Events included in study by Mason et al. (2008) .
in red, the average Fe/CNO ratio shows a factor of ∼1.8 increase with increasing energy, but this trend is not seen for the solar minima events. The NeS/CNO does not show an apparent trend with energy either during solar maximum or solar minimum. In summary, there are no clear increases for either Fe/CNO or NeS/CNO across the energy range studied, except the abundances in solar maximum CIRs show a consistent increase with energy. 
Solar Wind Speed Versus Abundances
In Figure 7 we examine the relationship between SW speed and the ∼160-320 keV nucleon −1 Fe/CNO ratio for all events. The figure shows that the Fe/CNO does not exhibit a statistically significant correlation (p0.01) with SW speed. There was no statistically significant relationship seen for Fe/CNO or NeS/CNO with solar wind speed at any energy considered in this study.
Correlation with Upstream SW and ST Abundances
We now study the relationship between the CIR ST abundances and the corresponding abundances measured in the upstream SW and ST Fe/CNO. Following the approach of Mason et al. (2008) , who studied the correlation between ∼320-450 keV nucleon −1 CIR Fe/O and the upstream SW Fe/ O, we identified the time of maximum correlation for both the ST Fe/CNO and SW Fe/O upstream. In their survey, Mason et al. (2008) used upstream time intervals equal to those of the duration of the CIR, which varied from 1.25 to 3.5 days. We point out that the Mason et al. (2008) durations are much shorter than the average event duration in this study (mean duration 2.96 days, see Figure 3) .
We calculated the Spearman correlation coefficient between the event and upstream abundances. The Spearman correlation is a nonparametric measure of rank correlation; it evaluates the monotonic relationship between two variables. Spearman's correlation is useful for fitting functions, which may or may not have a strictly linear relationship; it also has less sensitivity to strong outliers that are in the tail of both distributions when compared to common linear fitting functions such as the Pearson correlation coefficient. The goodness of fit for the correlation is given by r, and the significance level, or probability that the variables are randomly related, by p. We assume that a given correlation coefficient is statistically significant if the corresponding p value0.01. We calculated the coefficient for each 1 hr interval over a period of 240 hr immediately preceding the start of each event. Other time intervals (e.g., 6, 12, 18, and 24 hr) were also examined, and we chose 18 hr because shorter time intervals did not converge to a smooth probability with time; they instead displayed random noise due to low statistics. Longer time averages tended to smooth over variations in the correlation coefficients and their probabilities.
We correlated the CIR Fe/CNO abundances with the upstream SW Fe/O in all four energy ranges, and the upstream ST Fe/CNO energies with all energies at equal or lower energies than that used for the CIR STs. Figure 8 shows the 18 hr averaged abundances for each event for two of the upstream correlations. The correlation coefficient and significance values are also given. These 18 hr trends start to give an indication of how the correlation varies with time. These figures clearly show that the ∼20-40 keV nucleon −1 Fe/CNO in CIRs is strongly correlated with the upstream ST Fe/CNO but not with the SW Fe/O ratio. Figure 9 shows two examples of values of the upstream correlation coefficients with time; the ∼20-40 keV nucleon −1 CIR Fe/CNO versus the ∼20-40 keV nucleon −1 upstream Fe/ CNO (solid line) and the upstream SW Fe/O (dashed line). These are the same two examples as in Figure 8 but now extended to 10 days upstream. Figure 9 shows that the upstream ST Fe/CNO ratio is better correlated with the CIR Fe/CNO compared with the upstream SW Fe/O as demonstrated by the higher correlation coefficient r=0.55, p=1.87×10 −4 from 54 to 71 hr and r=0.41, p=0.011 from 90 to 107 hr, respectively. This shows that not only is the upstream ST Fe/CNO better correlated with the ST Fe/CNO in CIRs but also that the correlation with the upstream SW Fe/O is not statistically significant over the entire 10 day interval examined. Figure 10 shows scatter plots for the 18 hr time interval with maximum correlation coefficients for the previously mentioned energy intervals, along with a linear fit to the data. . The correlation coefficient and probability that the two variables being compared are a random distribution are shown. Figure 11 shows that the upstream SW Fe/O attains highest significance with ∼20-40 keV nucleon −1 between 90 and 107 hr with a p value of 0.011, and except for ∼40-80 keV nucleon −1 all correlations with upstream ST abundances are statistically significant. The correlation with STs at ∼20-40 keV nucleon −1 in the upstream interval remains statistically significant up to 4.5 days prior to event start. The maximum correlation times shown in Figure 11 are summarized for all four energies in Table 3 .
Discussion
We have analyzed the ∼20-320 keV nucleon −1 ST heavy ion abundance in 41 CIRs observed during 1995-2008 using WIND/EPACT/STEP. Our results are: Figure 3 . Distribution of the duration of solar minima and maxima CIR events. The distribution for solar minimum events is plotted in blue and solar maximum in red. The mean, standard error of the mean, standard deviation, and number of events are given for all events (black), solar maxima (red), and solar minima (blue). Fe/CNO Abundance Figure 4 . The distribution of the Fe/CNO abundances for the four energy intervals in this study, ∼20-40 keV nucleon −1 (green), ∼40-80 keV nucleon −1 (blue), ∼80-160 keV nucleon −1 (purple), ∼160-320 keV nucleon −1 (magenta). The mean, standard error of the mean, standard deviation, and number of events are also shown.
Number of Events
1. The ∼20-320 keV nucleon −1 Fe/CNO and NeS/CNO ratios vary with the sunspot number, with larger values observed during solar maximum and lower abundances during solar minimum. 2. The Fe/CNO ratios show a slight increase with energy for the six events that occur during solar maximum; no energy dependent variations are seen for the CIR Fe/CNO ratios during solar minima. 
Comparison with Previous CIR Abundance Studies
Previously, Bučík et al. (2012) studied ST heavy ions in CIRs and showed that elemental abundances tracked the solar cycle or solar activity. Specifically, Bučík et al. (2012) observed more than 50 CIRs using STEREO between 2007 and 2010 and found that the 137 keV nucleon −1 Fe/O ratio varies significantly from event-to-event, but follows the preceding energetic particle activity. They also reported that the average elemental abundance over the 3 year period was similar to previously reported CIR abundances. Figure 12 shows the Fe/CNO ratio from Table 2 along with those obtained by Bučík et al. (2012) and by other CIR surveys. Previous studies of energetic particles in CIRs at ∼0.385 MeV nucleon −1 and 5-12 MeV nucleon
found Fe/O abundances of 0.088±0.007 and 0.097±0.011, respectively (Reames 1995; Mason et al. 2008) . Richardson et al. (1993) found that CIR abundances are ordered according to SW speed following the photospheric abundances, according to the first ionization potentials, which is not strictly related to solar activity. Mason et al. (2008) examined the relation between He/O, C/O, Mg/O, Si/O, and Fe/O and SW speed and found no significant correlation except for Si/O and Fe/O. Previously, Si/O and Fe/O had not been found to have a relationship with SW speed, and so although Mason et al. (2008) found correlation coefficients of r=0.41 and r=0.47, respectively, they concluded that the dependence of these abundances on SW speed is unproven. Our results shown in Figure 7 indicate that there is no relation between SW speed and Fe/CNO abundance in CIRs, in agreement with the conclusions of Mason et al. (2008) . As shown in Table 2 , the 41-event average abundance for Fe/CNO at all energies studied here is 0.066±0.0065, and that for those reported by Mason et al. (1997) is Fe/ O=0.08±0.03. The difference between the abundances in this study and Mason et al. (1997) is negligible when we examine the size of the reported errors. Furthermore, any difference in the values reported in this study may be lower than those obtained previously because our sampling time intervals include the onsets, peaks, and decay phases of the time-intensities during all CIR events rather than just the periods when the intensities peaked. Figure 12 illustrates the energy dependence of the average abundances in CIRs. In Figure 12 we compare previously reported abundances from Mason et al. (1997) , Reames (1995) , Mason et al. (2008) , and Bučík et al. (2012) . We see little to no variation with energy, and all reported values are within, or slightly below, the Fe/O ratio of the fast solar wind (von Steiger et al. 2000) . Similar solar cycle variations in the Fe/O abundances are also observed in the ST quiet-time populations (Desai et al. 2006b Dayeh et al. 2009 Dayeh et al. , 2016 and are interpreted as evidence of CIRs or SEPs contributing to ST material during different phases of solar activity. Thus, the abundance measurements of both quiet times and local compression regions studied here indicate the acceleration of ST material from prior solar and interplanetary activity, which varies with solar activity. We find no relation between SW speed and Fe/CNO abundances, unlike Richardson et al. (1993) . This leads us to conclude that there is no relationship between SW speed and abundance of ST heavy ions in CIRs, consistent with the study by Mason et al. (2008) . Furthermore, since the upstream ST populations are not identified with specific event types (i.e., CIR, quiet-time, SEP-like), we believe that they comprise a mix of ions from multiple sources, providing further evidence that the suprathermal tail is the source of local CIR events.
Source Population
The correlation studies revealed statistically significant results for ∼20-40 keV nucleon −1 upstream Fe/CNO versus ∼20-320 CIR Fe/CNO for extended time periods. The correlation with upstream SW Fe/O is not statistically significant. This indicates that the majority of the STs in CIRs are being accelerated from the lower-energy STs and not the solar wind. Thus, we conclude that, similar to those measured in quiet times (i.e., Desai et al. 2006b; Dayeh et al. 2009 ), suprathermal heavy ion populations in CIRs derive their source material from the low-energy remnants of prior energetic particle activity, as also reported by Bučík et al. (2012) .
Acceleration Location Limits
Recently, Ebert et al. (2012) studied the temporal profiles of suprathermal He in 73 CIRs and concluded that <1 MeV nucleon −1 CIR-associated energetic particles observed at 1 au are accelerated locally, whereas particles >1 MeV nucleon −1 are likely accelerated at CIR-driven shocks beyond Earth orbit. Chen et al. (2015) modeled PUIs in CIRs without shocks. They found gradual compressions and observed that velocity gradients can significantly accelerate PUIs at or inside of 1 au, leading to the formation of suprathermal tails. Mason et al. (2008) found a heliocentric distance of 1.3-2 au for ∼320-450 keV nucleon −1 STs that had been accelerated out of the heated SW using the calculated maximum correlation time of approximately 4 days (r=0.4). Figure 11 shows that for ∼20-40 keV nucleon −1 and ∼160-320 keV nucleon −1 there are two distinct peaks in the correlation coefficient. We observed the ST to become statistically significant again at ∼8 days, which is far too long to correspond to the same SW structure, as over a quarter of a solar rotation would have occurred from correlation time to event start (Gosling & Bame 1972) . Since only the highest and lowest energy levels in this study displayed this strong correlation it is difficult to understand the physical mechanisms responsible for these longer time correlations.
Using the particle energy and maximum correlation time we now calculate limits for the source distances. Assuming no adiabatic deceleration and no scattering, and using the upstream correlation between ∼20-40 keV nucleon −1 Fe/CNO upstream and ∼20-320 keV nucleon −1 Fe/CNO in CIRs, we calculate an upper limit for the source distance using the peak correlation time. Table 3 shows the mean distance traveled by the ST particles detected in each of the four energy ranges. The particle energy is taken as the arithmetic mean of the lower and upper energy limits in each energy range. The distances were calculated using the time of maximum correlation in Figure 10 , distances are not reported for ∼40-80 keV nucleon −1 because the correlations do not exhibit statistical significance. The calculated average field line travel distance is ∼2-2.2 au, found by a standard mean and a weighted mean using the p-values for each time interval. Using the mean solar wind speed in the upstream region and the field line distances we find the upper limit for radial distance traveled beyond Earth for each energy range. We find that the average upper limit for radial distance, neglecting adiabatic deceleration and scattering affects, is ∼1 au beyond Earth orbit.
When adiabatic deceleration and realistic scattering is taken into account we expect the actual source distance to be even closer to Earth orbit. This is an indication that we are observing ST heavy ions upstream of CIRs being accelerated locally, consistent with the evidence for local acceleration (<1.5 au) of ST heavy ions as reported by previous studies (e.g., Chotoo et al. 2000; Mason 2000; Ebert et al. 2012; Chen et al. 2015; Zhao et al. 2016) .
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